Although serum deprivation induces apoptosis in several cell lines, biochemical characterization of the apoptosis in primary granulosa cells (GCs) induced by serum deprivation has rarely been reported. In the present study, GCs from small follicles of porcine ovaries were precultured under a serum-containing condition for seven days, then stepped down to a serum-free condition and cultured for the subsequent two days. GCs were subjected to DNA fragmentation and immunoblot analyses.
A VARIETY of models have been used for research on apoptosis, one of which is the apoptosis induced by serum deprivation.
Serum or growth factor deprivation has been found to induce apoptosis in a variety of cell lines [1] [2] [3] , but not all [4] . In P12 cells, apoptosis induced by serum removal is not preceded by growth arrest and can occur at each phase of the cell cycle [2] ; in density-arrested quiescent murine Balb/c-3T3 cells, cells en route to apoptosis induced by serum withdrawal are characterized by the upregulation of c-fos, c-myc, c-jun, CDC2 and RB phosphorylation, resembling events of early cell-cycle traverse [3] . Since serum-free media have been so widely used for granulosa cell (GC) culture, it is of significance to know the effect of serum deprivation on GCs. Aharoni et al. [5] reported that after 40 h of serum deprivation, the incidence of apoptotic cells of rat GCs increased 3-fold compared to the incidence of apoptosis in serum-containing medium.
The biochemical changes in GCs during this apoptotic process are, however, far from known.
For this reason, in the present study, apoptosis relevant biochemical events in GCs after serum withdrawal were investigated to characterize the GC apoptosis and to provide an insight for further research on GC apoptosis in serum-free culture conditions.
In this study, the method of double probing immunoblot analysis was also described and proved to be very useful for examining the expression of two proteins simultaneously. GCs were obtained by the needle aspiration method from small follicles (<3 mm) and cultured as previously described [6] . Cells (approximately 106 cells/ml) were plated in 150 cm2 tissue culture flasks in 15 ml Eagle's MEM medium containing 10% fetal bovine serum and supplemented with 100 U/ml penicillin, 100 jig/ ml streptomycin sulfate, and 2 mM L-glutamine. The cells were cultured at 37 °C in a humidified atmosphere of 95% air +5% CO2 for 7 days. Medium was replaced every second day. On the 7th day, the cells were washed 3 times in PBS, stepped down to serum-free MEM medium or the above-mentioned serum-containing medium and cultured for the next two days. Each set of cultures were performed in triplicate flasks. The cells harvested at the end of each set of cultures were subjected to analyses of DNA fragmentation and immunoblot. Attached cells were washed 2 times with PBS and harvested on ice by scraping the flasks with a disposable cell scraper in the presence of lysis buffer (150 pl) consisting of 50 mM Tris-HC1 (PH 8.0), 150 mM NaCI, 0.1% sodium dodecyl sulfate (SDS), 100 jug/ml phenylmethylsulfonyl fluoride (PMSF), 1 µg/ml aprotinin,1 % NP-40 and 0.5% deoxycholic acid (sodium salt). The harvested cells or lysates were incubated at 4 °C for 20 min and centrifuged for 30 min at 10,000 x g and the supernatant was assayed for protein concentration by the Bradford method [7] with BSA as a standard. 40 jig (for detection of PCNA) or 60 ug (for detection of other proteins) of the protein extracts were electrophoresed on a 10% SDS-polyacrylamide gel (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5 % nonfat dry milk in TBS for 1 h and then incubated at room temperature for 1.5 h with corresponding antibodies which were diluted 1:100 with blocking buffer. The membrane was washed 3 x 10 min in TBST (0.1% Tween in TBS) and then incubated for 1 h with horseradish peroxidase-conjugated donkey anti-rabbit secondary antibody (NA934, Amersham) or goat anti-mouse secondary antinody (NA931, Amersham), both of which were diluted 1:2000 with TBS. After incubation with secondary antibody, the membrane was washed 3 x 10 min with TBST and subjected to ECL detection with an ECL kit (Amersham).
DNA fragmentation analysis
For double probing immunoblot analysis, the blots were treated in a similar manner except that after incubation with the first antibody to p53 protein, c-myc protein or Fas, the membrane was washed 2 x 10 min in TBST and then incubated for 30 min with anti-PCNA antibody at a dilution of 1:5000 in TBST, followed by subsequent washing, incubation with the secondary antibody and detection by ECL. Fluctuations of relevant protein expression in cultured GCs induced by serum deprivation The expression of PCNA with a molecular weight of 37 kDa in GCs cultured under serum deprivation for 48 h was remarkably lower than that in GCs cultured in serum-containing medium ( Fig. 2A) , whereas the expression of p53
protein with a molecular weight of 53 kDa in GCs cultured under serum deprivation was much higher than that in GCs cultured in serum-containing medium (Fig. 2B) . A similar decrease in PCNA expression in GCs cultured under serum deprivation, as observed in single probing immunoblot ( Fig. 2A) , was apparent in double probing immunoblot (Fig. 2B ). An inverse relationship between the expressions of PCNA and (Fig. 4A) , but also the expression of Fas ligand with a molecular weight of 40 kDa (Fig. 4B) .
The fluctuations in all these proteins in GCs after serum deprivation relative to those in control cultures in serum containing medium are summarized in Fig. 5 .
Discussion
In Although serum-free medium has been used for in vitro studies on GCs, the medium has either been supplemented with additional factors such as insulin, hydrocortisone, transf erin and f ibronectin [81 or has been used only for a short-term culture. Serum-free medium alone was not able to maintain cc viability for a long time [81. It became evident that in the absence of serum, porcine GCs cultured in MEM medium died due to apoptosis, which is in agreement with the case of apoptosis induced by serum deprivation in rat GCs [5] . In contrast, in GCs cultured in serum-containing medium for 48 h, DNA laddering was not detected. Although apoptotic signals were detected in porcine GCs cultured in serum-containing medium by in situ DNA 3'-end labeling (data not shown), the incidence of apoptotic cell death in GCs cultured in serum-containing medium seemed too low to be detected by electrophoresis for DNA ladder. Immunoblot analysis demonstrated that serum deprivation decreased the expression of PCNA, but increased the expression of p53 protein in cultured GCs. A growing body of evidence suggests that p53 up-regulation can induce apoptosis in a variety of cell types [9] [10] [11] [12] . In the rat ovary, p53 protein was reported to be localized exclusively to the nuclei of the apoptotic granulosa cells of atretic follicles, and Northern blot analysis showed that p53 mRNA levels in cultured rat follicles increased when the follicles were incubated in a serum-free medium [10] . In vitro culture of SV40 transformed GCs, in which T-antigen expression is expected to block the activity of p53, demonstrated resistance to 8-Br-cAMP-induced apoptosis in contrast to the severe apoptotic response of primary cells [5] . Based on these reports and our present data, it is likely that the enhancement of apoptosis of granulosa cells induced by serum deprivation may be attributable to the overexpression of p53. Western blot analysis of c-myc protein detected no expression of authentic c-myc protein in porcine GCs cultured in the presence or absence of serum. This suggests that c-myc did not participate in the apoptotic process in the porcine model. Nevertheless, the c-myc antibody used in this study recognized a 115 kDa protein and the expression of the 115 kDa protein increased in GCs cultured under serum deprivation relative to that in GCs cultured in the presence of serum (Fig. 3) . The increased expression of the 115 kDa protein is likely to be associated with GC apoptosis induced by serum deprivation.
The nature of the 115 kDa protein is currently under investigation in relation to GC apoptosis.
Fas belongs to the tumor necrosis factor and nerve growth factor receptor family and transmits an apoptotic signal within the cell by binding to Fas ligand [13] . In the human ovary, Fas was reported to be present in oocytes and GCs of atretic follicles and corpora lutea [14, 15] 1) saving time and samples, 2) providing comparative analysis of the expression levels of two proteins, and 3) providing a quality control for Western blotting.
